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1. Introduction {#sec1}
===============

Gold (Au) is a rare, precious and versatile metal used in various applications ranging from the manufacture of jewellery, electronics (e.g., integrated circuits (ICs) and printed circuit boards (PCBs)), and green, clean and renewable energy technologies to finance and medicine ([@bib13], [@bib14]; [@bib33], [@bib34], [@bib35], [@bib36], [@bib110]; [@bib58], [@bib59]). In 2019, the total global Au demand reached 4368.3 tonnes, 48.5% of which was attributed to jewellery manufacturing while the remainder was in investment (29.2%), technology applications (7.5%), and by Central Banks and other institutions (14.8%) ([@bib100]). More recently, Au nanoparticles and nanoclusters are finding unique applications as detectors ([@bib39]; [@bib40]), catalysts ([@bib21]; [@bib102]), delivery systems for cancer treatment ([@bib22]; [@bib52]), and rapid test solutions for viral disease outbreaks like the corona virus disease of 2019 (COVID-19) ([@bib15]). For the last 5 years, the price of Au in the global market has steadily increased from a low of 1057.4 USD/oz in November 2015 to the current June 2020 value of 1738.2 USD/oz ([@bib101]).

The high demand and price of Au, limited economic development in rural areas, and poor implementation of mining laws and frameworks in many developing countries have contributed to the proliferation of artisanal and small-scale gold mining (ASGM), which is estimated to number more than 15 million distinct operations in over 70 countries ([@bib27]; [@bib43]; [@bib94]). With the most recent estimates, ASGM activities contribute at least 5% to the annual global production of this precious metal ([@bib25]).

In the Philippines, ASGM operations is an important driver of the economy, accounting for ∼63% of Au production from 2005 to 2014 ([@bib60]). However, the majority of ASGM operations in the Philippines still employ gravity separation-amalgamation---a technique whereby fine and 'free' Au particles are 'pre-concentrated' using gravity separation methods (e.g., sluice boxes and panning) and then recovered by mercury (Hg) ([@bib97]; [@bib93]). The resulting Hg--Au amalgam is then heated using retorts or a blow torch to volatilise Hg at ∼460 °C and separate it from agglomerated Au particles, yielding a Au doré as final product ([@bib91]). More recently, ASGM operators in prominent Au mining districts in the Philippines are using a two-step approach to recover more Au from the ores. In the first step, the ores are crushed and Au is recovered via conventional gravity separation-amalgamation while in the second step, tailings from the first step are ground in make-shift ball mills and then fed to an improvised carbon-in-pulp (CIP) circuit ([@bib5]; [@bib93]). The final tailings after CIP are then disposed of in shallow 'pits' close to the processing plant, which readily overflows during the wet season ([@bib51]).

ASGM activities are one of the primary cause of Hg contamination of the soil in many developing countries. In Mindanao, Philippines, for example, [@bib51] reported concentrations of elemental Hg up to ∼25 mg/kg in tailings of ASGM operations in four key areas that are, unfortunately, dumped or spread close to the processing areas without treatment. Similar studies of extensive Hg contamination due to ASGM activities have also been reported in Brazil, China, Colombia, Ghana, Ecuador, Indonesia, Mongolia, Peru, Suriname, Tanzania, Venezuela, and Zimbabwe ([@bib8]; [@bib17]; [@bib41]; [@bib47]; [@bib69]; [@bib70]; [@bib90]). Another serious environmental problem associated with ASGM activities is soil contamination with hazardous elements like arsenic (As), lead (Pb) and other heavy metals such as copper (Cu) and zinc (Zn), which are typically occluded in sulphide minerals like pyrite (FeS~2~) found in Au-bearing porphyry ores and hydrothermal deposits ([@bib2]; [@bib29]; [@bib48]; [@bib61]; [@bib73]).

Arsenic is a ubiquitous element in nature notorious for its acute toxicity at high concentrations and chronic toxic effects when ingested at low concentrations for a prolonged and continuous period (e.g., As-contaminated drinking water). Its toxicity is also dependent on the element's oxidation state; that is, arsenite (As^III^) and its oxyanions are more toxic than those of arsenate (As^V^) ([@bib28]). Chronic As poisoning has been shown to increase the risks of developing cancers of the skin, lungs, kidney and liver ([@bib68]). Similar to As, Pb is a very toxic element and causes serious brain damage and problems with the peripheral system, kidneys and reproductive organs ([@bib49]). Meanwhile, Cu and Zn are essential micronutrients for human growth, cardiovascular integrity, normal neuroendocrine and reproductive functions, and healthy iron metabolism and immune system but are toxic at high concentrations ([@bib62]; [@bib64]). Dissolved Cu is also harmful to many species of fishes and aquatic invertebrates ([@bib24]). Unfortunately, very few detailed studies about the extent of soil contamination with As, Pb, Cu and Zn due to ASGM activities have been reported to date.

In this study, soil contamination was investigated in a prominent Au-mining district in Mindanao, Philippines impacted by decades of ASGM activities. Specifically, the objectives of this work are as follows: (1) to identify ASGM-activity derived sources of contaminants, (2) evaluate the extent of soil contamination, (3) to elucidate the release of hazardous elements from the soil using standard leaching tests, and (4) to determine the mechanisms controlling the release from or retention in the soil of hazardous elements under environmentally relevant conditions.

2. Materials and methods {#sec2}
========================

2.1. Site description and soil sampling procedure {#sec2.1}
-------------------------------------------------

The study area is located in the town of Nabunturan, Davao de Oro (formerly Compostela Valley) about 120 km from Davao City in the island of Mindanao, Philippines ([Fig. 1](#fig1){ref-type="fig"} ). Davao de Oro is a well-known Au-rich region in the Philippines and has five known porphyry Cu--Au deposits---Kalamatan, Tagpura-Maanob, Amacan, Mapula and Kingking---with Cu and Au grades in the range of 0.34--0.42 wt% and 0.23--0.42 g/t, respectively ([@bib67]). Historically, APEX Corporation operated a large-scale Cu--Au mining operation in the region, but the company went bankrupt in the late 1980s, so Au mining has been dominated by ASGM activities for decades ([@bib96]).Fig. 1A map of the Philippines superimposed with the sampling locations of ASGM-impacted (A-1 to A-4) and 'control' (A-5 to A-8) soil samples evaluated in this study.Fig. 1

Soil samples were collected from a currently operating site (near the tailings pit (A-1) and Au-ore processing plant (A-2)), a historic processing site (A-3 and A-4) and several uncontaminated (i.e., 'control') areas near the town centre (A-5 and A-6) and a farming area (A-7 and A-8) ([Fig. 1](#fig1){ref-type="fig"}). Note that the currently operating site where A-1 and A-2 samples were collected employs the two-step approach of Au-ore processing outlined in the introduction. Using a stainless steel hand shovel, soil samples were collected from a 10 cm by 10 cm area up to a depth of 10 cm and stored in airtight containers. These samples were brought back to the laboratory, air-dried indoors for 7 days and then shipped to Hokkaido University, Japan for characterisation, sequential extraction and leaching experiments.

2.2. Characterisation of soil samples and determination of pollution indices {#sec2.2}
----------------------------------------------------------------------------

The type of soil was determined by standard particle size analysis using a series of screens (\>75 μm) and a laser diffractometer (\<75 μm) (L200, Beckman Coulter Inc., USA). For the chemical and mineralogical analyses, the samples were manually ground to \<50 μm using an agate mortar and pestle and then analysed by X-ray fluorescence spectroscopy (XRF, NEXCG, Rigaku Corporation, Japan) and X-ray powder diffraction (XRD, MultiFlex, Rigaku Corporation, Japan). XRD peaks were identified using the Match!® software (Crystal Impact, Germany). To measure the total organic carbon (TOC) and inorganic carbon (IC) contents of soil samples, a total carbon analyser equipped with a solid sample combustion unit (TOC-V~CSH~-SSM-5000A, Shimadzu Corporation, Japan) was used. Selected soil samples were also examined by scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDS, InTouchScope™, JSM-IT200, JEOL Ltd., Japan).

Four indices---geo-accumulation index (*I* ~*geo*~), contamination factor (*CF*), pollution load index (*PLI*), and contamination degree (*CD*)---were determined to evaluate the extent of contamination in the study area due to ASGM activities ([@bib3]). Descriptions and details of how these indices were determined are provided as supplementary information.

2.3. Sequential extraction and leaching experiments {#sec2.3}
---------------------------------------------------

Sequential extraction is a widely used technique to identify the solid-phase partitioning of trace contaminants in soils ([@bib76]; [@bib85]), sediments ([@bib30], [@bib31]; [@bib85]; [@bib74]), rocks ([@bib16]), underground tunnelling wastes ([@bib86]), hydrometallurgical residues ([@bib66]) and mine tailings ([@bib4]). In this study, the sequential extraction procedure was based on the earlier works of [@bib44], [@bib88] and [@bib16]. The procedure partitioned the target elements into six environmentally relevant phases or 'functional groups': (1) weakly adsorbed (i.e., water soluble and ion exchangeable), (2) strongly adsorbed (i.e., adsorbed to hydrous ferric oxides (HFOs) and/or phyllosilicate minerals like clays), (3) weak acid soluble (i.e., associated with carbonate minerals), (4) reducible (i.e., occluded in HFOs), (5) oxidisable (i.e., occluded in organic materials and sulphide minerals), and (6) residual (recalcitrant materials).

One gram of sample (\<2 mm) and pre-determined volumes of the lixiviants were mixed in 50-mL centrifuge containers using a thermostat water bath shaker. After the pre-determined extraction time, the suspension was centrifuged at 3,500 rpm for 30 minutes to separate the leachate from the residue. The leachate was collected by decantation while the residue was washed with 10--15 mL of deionised (DI) water (18 MΩ cm, Milli-Q® Integral Water Purification System, Merck Millipore, USA) prior to the next extraction step. The leachate and 'washing' solution, which was also collected by centrifugation-decantation, were mixed together, diluted to 50 mL, filtered through 0.45 μm Millex® syringe-driven sterile membrane filters (Merck Millipore, USA) and analysed by inductively coupled plasma atomic emission spectroscopy (ICP-AES, ICPE-9820, Shimadzu Corporation, Japan). The residual fraction was obtained by subtracting the sum of all extracted amounts to that measured by XRF. A summary of the lixiviants and conditions used in each sequential extraction step is listed in [Table 1](#tbl1){ref-type="table"} .Table 1Lixiviants and extraction conditions used for the determination of solid-phase partitioning of Fe, Cu, Pb, Zn and As from the ASGM-impacted and 'control' soil samples.Table 1StepExtractantpHLiquid-to-solid ratio (mL/g)Temperature (°C)Duration (h)Mixing speed (rpm)Extracted phase11 M MgCl~2~720/1251120Weakly adsorbed21 M NaH~2~PO~4~520/1251120Strongly adsorbed31 M CH~3~COONa520/1255120Weak acid soluble40.04 M NH~2~OH·HCl in 25% acetic acid--20/1805120Reducible50.04 M NH~2~OH·HCl in 25% acetic acid; 30% H~2~O~2~; 0.02 M HNO~3~--36/1805120Oxidisable6Calculated (*i*.*e.*, Total of each element (XRF) -- Sum of each element extracted (Steps 1 to 5)Residual[^2]

The Japanese standard leaching test for contaminated soils (Environmental Agency of Japan Notification No. 46) ([@bib37]; [@bib77]) was used to evaluate the potential release of hazardous elements from ASGM-impacted soils because it closely mimics how pollutants are released when exposed to rainwater. This was done by mixing 15 g of soil sample (\<2 mm) and 150 mL of DI water in a 300-mL Erlenmeyer flask at 200 rpm for 6 h. After the leaching experiments, the pH of suspension were measured and the leachate was collected by filtration through 0.45 μm membrane filters. The filtrate was then analysed by ICP-AES for its chemical composition.

Dissolved heavy metals and coexisting ions were quantified using the standard ICP-AES method (margin of error = ±2%). For As concentrations \<100 μg/L, the leachate was first pretreated as outlined in our previous work ([@bib75]) and analysed by ICP-AES with a hydride-vapour generation system (HVG) (detection limit = 0.1 μg/L; margin of error = ±5%).

3. Results and discussion {#sec3}
=========================

3.1. Changes in soil chemical and mineralogical properties due to ASGM activities {#sec3.1}
---------------------------------------------------------------------------------

The soil samples collected in the study area were classified as either loamy sand (A-1, A-2, A-3, A-4, A-7 and A-8) or sandy loam (A-5 and A-6) ([Supplementary Table 1](#appsec1){ref-type="sec"}). The chemical compositions of the soil samples, including their total organic carbon (TOC) and inorganic carbon (IC) contents, are summarised in [Table 2](#tbl2){ref-type="table"} . Silica is the main chemical component of all soil samples present mainly as quartz (SiO~2~) and anorthite (CaAl~2~Si~2~O~8~), the calcium end-member of plagioclase feldspar ([Suplementary Figs. 1 and 2](#appsec1){ref-type="sec"}). More prominent calcite (CaCO~3~) and dolomite ((Mg, Ca)CO~3~) peaks were detected in A-1 and A-2 compared with the other samples, which could be attributed to the use of locally available limestone by ASGM operators during cyanidation. [Supplementary Fig. 2](#appsec1){ref-type="sec"} also illustrates the minor to trace minerals found in soil samples collected from four areas of the site. XRD peaks of pyrite, chalcopyrite (CuFeS~2~), galena (PbS), sphalerite (ZnS), malachite (Cu~2~(CO~3~) (OH)~2~) and goethite (FeOOH) were detected in A-1 consistent with substantial amounts of Cu (805 mg/kg), Zn (11,000 mg/kg) and Pb (6370 mg/kg) measured by XRF in this sample. Although As-bearing minerals like arsenopyrite (FeAsS) and scorodite (FeAsO~4~·2H~2~O) were not detected by XRD, SEM-EDS observations suggest that As in A-1 was mainly associated with sulphide minerals ([Fig. 2](#fig2){ref-type="fig"}; [Supplementary Fig. 3](#appsec1){ref-type="sec"}) and HFOs ([Fig. 3](#fig3){ref-type="fig"} ).Table 2Chemical compositions of ASGM-contaminated and 'control' soil samples.Table 2SampleSiO~2~Al~2~O~3~Fe~2~O~3~MnOMgOCaONa~2~OK~2~OTiO~2~STOCICCuPbZnAs(wt%)(wt%)(wt%)(wt%)(wt%)(wt%)(wt%)(wt%)(wt%)(wt%)(wt%)(wt%)(mg/kg)(mg/kg)(mg/kg)(mg/kg)A-149.27.366.832.883.2424.60.00010.7640.091.473.434.00805637011,000591A-252.817.36.050.702.2713.52.961.570.350.313.441.7156219602720121A-352.919.15.030.182.226.223.331.750.480.273.610.324161230122047A-451.621.46.70.252.015.792.932.000.470.215.050.353801120146035A-552.825.57.630.082.544.033.641.880.720.075.200.102136823515A-650.625.07.720.092.495.263.731.770.680.045.300.222187818415A-755.223.97.040.042.264.352.811.670.670.066.350.1020374873A-855.124.87.450.082.263.082.691.620.730.068.030.0326287972[^3]Fig. 2SEM photomicrograph of a representative sulphide mineral in A-1 and the corresponding elemental maps of Fe, S, O, Cu, Pb, Zn and As.Fig. 2Fig. 3SEM photomicrograph of a representative oxyhydroxide/oxide mineral in A-3 and the corresponding elemental maps of Fe, O, Al, Si, Pb, Mg, K, Mn, Cu, Pb, Zn and As.Fig. 3

Meanwhile, XRD peaks of Clinochlore (Mg~5~Al(AlSi~3~O~10~) (OH)~8~), kaolinite (Al~2~Si~2~O~5~(OH)~4~) and montmorillonite ((Na, Ca)~0.33~(Al, Mg)~2~(Si~4~O~10~) (OH)~2~·nH~2~O) were more prominent in the 'control' samples (A-5 and A-7) than those from the ASGM-impacted sites (A-1 and A-3). Clay minerals in soils are generally formed from the weathering of primary silicate minerals ([@bib9]; [@bib80]; [@bib81]), which means that their lower abundance in ASGM-impacted soils could be attributed to the introduction of unweathered primary silicate minerals (e.g., anorthite) from the tailings. This relationship was also observed in lower Al~2~O~3~ contents of A-1 compared with other samples as well as the \<50 *CWI* and *PIA* values of A-1 classifying it as relatively unweathered ([Table 3](#tbl3){ref-type="table"} ) ([@bib45]). This dilution effect was also implied by the less pronounced XRD peaks (i.e., lower abundances) of Clinochlore, kaolinite and montmorillonite in A-1 and A-2 compared with those in A-3 to A-8 ([Supplementary Figs. 1 and 2](#appsec1){ref-type="sec"}).Table 3Calculated weathering and pollution indices.Table 3Sample*CIWPIAI*~*geo*~*CFCDPLI*CuPbZnAsCuPbZnAsA-123211665483736822735A-251490.744332618146011A-367640.332221685316A-471690.2331215104306A-57775−0.7−0.80.10.210.91.61.75.11.2A-67472−0.6−0.6−0.30.2111.21.74.91.2A-77776−0.7−0.6−1.4−2.10.910.60.32.80.6A-88180−0.4−0.4−1.2−2.71.21.10.60.23.20.7[^4]

3.2. Extent of soil contamination due to ASGM activities {#sec3.2}
--------------------------------------------------------

Exceptionally high Cu, Pb, Zn and As were found in the soil samples impacted by ASGM activities ([Table 2](#tbl2){ref-type="table"}). Using the average values measured in the 'control' samples as baseline, Cu, Pb, Zn and As in the currently operating ASGM site (A-1 and A-2) were 2.5--3.6, 25--83, 18--73 and 13--68 times higher than baseline levels, respectively. In comparison, these four elements were dramatically lower in soils collected from the historic ASGM processing plant (A-3 and A-4) at 1.6--1.8 (Cu), 14--16 (Pb), 8--10 (Zn) and 4--6 (As) times higher than baseline levels. The high heavy metal abundance of the 'control' samples could be attributed to the unique site geology as highlighted previously. In contrast, the average As content of 'control' samples was well within the 1--10 mg/kg values reported for soils formed from igneous and sedimentary rocks ([@bib72]; [@bib82]).

[Table 3](#tbl3){ref-type="table"} summarises the values of soil pollution indices---*I* ~*geo*~, *CF*, *CD* and *PLI*---and the results showed 'extreme' pollution with Pb, Zn and As (*CD* = 30--228; *PLI* = 5--35) in both currently operating (A-1 and A-2) and historic (A-3 and A-4) ASGM processing sites. Interestingly, the degrees of Cu contamination based on *CF* ~*Cu*~ in these areas were from 'moderate' to 'considerable' degrees only, which could be attributed to the very high baseline levels of Cu in soils of the study site. Similar interpretations were obtained using the *I* ~*geo*~ values; that is, A-1 and A-2 were 'heavily' to 'extremely' polluted with Pb, Zn and As while A-3 and A-4 were 'moderately' to 'heavily' contaminated with these three contaminants. Soil contamination in the area was likely exacerbated by two factors: (1) the local miners' practice of intentionally 'spreading' tailings and waste rocks on the processing area, and (2) frequent overflowing of the shallow tailings pit during the rainy season.

3.3. Solid-phase partitioning of copper, lead, zinc and arsenic in ASGM-impacted and 'control' soil samples {#sec3.3}
-----------------------------------------------------------------------------------------------------------

Copper in A-1 and A-2 (currently operating ASGM processing site) was mainly partitioned with the oxidisable (23--37%), strongly adsorbed (24--31%), weak acid soluble (19--21%) and reducible (12--16%) fractions ([Fig. 4](#fig4){ref-type="fig"} ). The high amounts of Cu associated with oxidisable and weak acid soluble fractions could be attributed to the presence of chalcopyrite and malachite in these samples while those in the reducible fraction are occluded with HFOs like goethite ([Fig. 3](#fig3){ref-type="fig"}). Strong associations of Cu with Fe in HFOs could be attributed to co-precipitation of these metal ions between pH 4 and 9, a phenomenon well-known in ore genesis, hydrometallurgy, and treatment of acid mine drainage (AMD) and municipal/industrial wastewaters ([@bib32]; [@bib105], [@bib106]; [@bib92]). [@bib32], for example, noted that the removal of Cu^2+^ and Zn^2+^ in AMDs occurred via their co-precipitation with HFOs rather than as distinct and separate Cu- and Zn-oxide minerals. Similarly, the bulk of Cu in the strongly adsorbed fraction was most probably associated with HFOs like goethite, which are well-known for their strong heavy metal sorption capacities above around pH 7.5 ([@bib55]; [@bib78]; [@bib87]; [@bib98]; [@bib92]). According to [@bib26], adsorbed Cu^2+^ on goethite are not readily mobilised because it forms inner sphere complexes that have intrinsic adsorption rate constant about two orders of magnitude higher than the intrinsic desorption rate constant.Fig. 4Solid-phase partitioning of Cu, Pb, Zn and As in A-1 (a), A-2 (b), A-3 (c), A-4 (d), A-5 (e), A-6 (f), A-7 (g) and A-8 (h). Note that the Cu, Pb, Zn and As contents of soil samples are also provided in the plots for easy comparison.Fig. 4

Similar to A-1 and A-2, Cu in A-3 and A-4 was mainly partitioned with the four phases discussed previously. Two noteworthy differences, however, are the lower Cu found in oxidisable fraction of soil samples from the historic ASGM processing site (A-3 and A-4) and the higher Cu associated with weak acid soluble phase ([Fig. 4](#fig4){ref-type="fig"}a and b). These differences could be explained by longer exposure of A-3 and A-4 to weathering than A-1 and A-2 ([Table 2](#tbl2){ref-type="table"}), which likely promoted the dissolution of chalcopyrite and Cu-bearing pyrite ([@bib38], [@bib109]; [@bib54]; [@bib107], [@bib108]; [@bib79]; [@bib89]), and the subsequent formations of malachite and goethite ([@bib6]; [@bib71]).

Although the bulk of Pb in A-1 and A-2 was associated with reducible (38--39%) and residual (28--50%) phases, those found with weak acid soluble (3--16%) and oxidisable (5--10%) fractions were still significant ([Fig. 4](#fig4){ref-type="fig"}). Similar to Cu, Pb in the reducible fraction was likely co-precipitated with HFOs ([Fig. 4](#fig4){ref-type="fig"}) while those found in the oxidisable phase was mainly partitioned with galena and pyrite ([Fig. 3](#fig3){ref-type="fig"}; [Supplementary Fig. 2](#appsec1){ref-type="sec"}). It is also important to note that Pb in strongly adsorbed fraction of A-1 was around 10%, the bulk of which was likely found with HFOs because of their ability to sequester Pb^2+^ from solution ([@bib65]). To a lesser extent, kaolinite and montmorillonite may have also contributed to the strongly adsorbed fraction because Pb^2+^ adsorption to clay minerals is considerable due to their strongly negative surface charge densities ([@bib10]).

Zinc in the ASGM-impacted soil samples (A-1 to A-4) was predominantly partitioned with three phases---residual (36--45%), reducible (18--36%) and strongly adsorbed (14--28%)---the latter two are considered relatively mobile in the environment. The reducible fraction, mainly composed of HFOs, is readily dissolved under reducing conditions while strongly adsorbed phases are released with changes in soil chemistry like flooding, saltwater intrusion or fertilizer addition ([@bib30]; [@bib42]; [@bib50]; [@bib71]). Similar to Pb, weathering conditions in A-3 and A-4 had dramatic effects on Zn solid-phase partitioning; that is, Zn partitioned with the weak acid soluble phase disappeared while the residual and reducible fractions increased.

The bulk of As in A-1 and A-2 was mainly partitioned with the residual phase (81--95%), but because these two samples were highly contaminated, the amounts found with the strongly adsorbed (∼24 mg/kg), reducible (∼8 mg/kg), and oxidisable (∼0.1 mg/kg) fractions were still significant. In the historic ASGM processing site (A-3 and A-4), As partitioned with the strongly adsorbed and reducible phases dramatically increased ([Fig. 5](#fig5){ref-type="fig"} ), which could be attributed to As release from sulphide minerals and its subsequent capture by HFOs ([Fig. 2](#fig2){ref-type="fig"}, [Fig. 3](#fig3){ref-type="fig"}; [Supplementary Figs. 3 and 4](#appsec1){ref-type="sec"}; [@bib30]; [@bib83], [@bib84]). The more abundant phyllosilicates in A-3 and A-4 may have also contributed to the higher As amounts partitioned with the strongly adsorbed phase because although the crystal faces of kaolinite, montmorillonite and Chlinochlore inherently have net negative charges, significant adsorption of As could occur on their crystal 'edges' ([@bib11]; [@bib23]).Fig. 5Geochemical properties of leachates after the standard leaching test of 8 soil samples, including the concentrations of major dissolved metals and trace contaminants: pH (a), Fe (b), Cu (c), Pb (d), Zn (e), and As (f). Note that the broken lines in the plots refer to Class A and Class C water quality standards used in the Philippines.Fig. 5

3.4. Leaching of copper, lead, zinc and arsenic and their release-retention mechanisms in the contaminated soil {#sec3.4}
---------------------------------------------------------------------------------------------------------------

[Fig. 5](#fig5){ref-type="fig"} illustrates the pH and concentrations of Fe, Cu, Pb, Zn and As after the standard leaching tests, which were compared with the Philippine regulatory standards for Class A and Class C water quality, a classification based on the usage of freshwater in the Philippines. Class A water quality standard is for water bodies used as drinking water supply after conventional treatment like groundwater and surface waters while Class C water quality standard is for sources of water utilised for irrigation and other agricultural purposes ([@bib18]). The pH values of leachates from A-1 and A-2 were slightly higher while those in A-7 and A-8 were lower than the Class A environmental standards (pH 6.5--8.5). The slightly alkaline pH of A-1 and A-2 could be attributed to the strong pH-buffering effects of calcite and dolomite ([@bib19], [@bib20]) while the slightly acidic pH in A-7 and A-8 may be related to the impacts of agriculture. Dissolved Fe in the leachate of A-3 exceeded the Class A water quality limit of 1.0 mg/L but passed the 1.5 mg/L environmental standard for Class C effluents. Dissolved Pb and Zn from all samples were below the Class A and Class C water quality standards while leachates from two samples, A-2 and A-3, had dissolved Cu concentrations exceeding the regulatory limits ([Fig. 5](#fig5){ref-type="fig"}c--e).

The mobility of heavy metals in contaminated soils, rocks and sediments is typically determined by the balance between release and retention mechanisms under a given geochemical condition ([@bib104]; [@bib103]; [@bib82]). On one hand, sulphide oxidation is likely the most dominant release mechanism of Cu, Pb and Zn from the ASGM-impacted soils because under oxidising and slightly alkaline (pH 8.2--8.7) conditions, HFOs and carbonates are more stable than sulphide minerals. On the other hand, co-precipitation and adsorption are most likely the two dominant retention mechanisms of these heavy metals in ASGM-impacted soils under these conditions. Retention of dissolved Pb and Zn via adsorption was significant because ASGM-impacted soils contain HFOs, kaolinite and montmorillonite with net negatively charged surfaces between pH 8.2 and 8.7 and could readily sequester positively charged Pb and Zn ions from solution ([@bib1]; [@bib11]; [@bib23]; [@bib95]).

Noteworthy in the results was the higher Cu concentration in the leachates of historical ASGM-impacted soil samples (A-3 and A-4) compared with those collected from the currently operating ASGM site (A-1 and A-2). To gain additional insights into the reasons why higher Cu leaching was observed in the more weathered soil samples, a geochemical model was created using the React® function of Geochemist's Workbench® ([@bib12]). In this model, calcite and dolomite were incrementally added to a solution based on the measured leachate properties of A-3 and A-4. The geochemical model predicts that malachite precipitation and stability are both enhanced with increasing amounts of calcite or dolomite added into the system ([Supplementary Fig. 5](#appsec1){ref-type="sec"}). Moreover, calcite and dolomite have been reported to sequester Cu^2+^ via adsorption and surface precipitation reactions ([@bib53]; [@bib57]). These results suggest that gradual dissolution of calcite and dolomite in ASGM-impacted soils due to weathering could enhance the mobility of Cu.

The release of As from ASGM-impacted and 'control' soil samples is illustrated in [Fig. 5](#fig5){ref-type="fig"}f. The leaching of As in A-3 and A-4 (historic ASGM processing site) both exceeded the Class A and Class C water quality standards while dissolved As in the other soil samples, including A-1 and A-2 (operating ASGM processing site), were negligible. To gain insights into the speciation of dissolved As in the leaching experiments, an equilibrium Eh--pH diagram was created using the Geochemist's Workbench® based on measured concentrations of dissolved solutes, which were converted to solute activities by PHREEQC ([@bib56]). As illustrated in [Supplementary Fig. 6](#appsec1){ref-type="sec"}, dissolved As under oxidising conditions between pH 6.5 and 11.8 is generally present as the negatively charged HAsO~4~ ^2−^ oxyanion while HFOs, as noted earlier, have negatively charged surfaces above around pH 7.5. This means that at pH ∼8.2, As release from A-3 and A-4 was likely promoted by enhanced desorption, a deduction consistent with the significant amounts of As partitioned with strongly adsorbed phase and the reports of other authors ([@bib46]; [@bib99]). Although A-1 and A-2 also had substantial amounts of As in the strongly adsorbed phase and had similar leachate pH values as those of A-3 and A-4, As mobility was likely limited by the high dolomite contents of these samples. [@bib7], for example, noted the high removal of As from DI water (\>92%) and synthetic wastewaters (\>84%) using dolomite powder as an adsorbent, a phenomenon later attributed by other authors to the formation Mg--As-carbonate precipitates on the mineral's surface ([@bib63]).

4. Conclusions {#sec4}
==============

This study investigated the solid-phase partitioning of Cu, Pb, Zn and As in ASGM-impacted soils from Davao de Oro, Mindanao, Philippines and identified the major release-retention mechanisms controlling the mobility of these environmentally regulated contaminants. The findings of this work are summarised as follows:1.Contamination of the soil was mainly attributed to the presence of primary sulphide minerals like pyrite, chalcopyrite, galena and sphalerite accompanying the Au-ores processed on-site.2.The bulk of Cu, Pb and Zn in the ASGM-impacted soils was partitioned in four phases---strongly adsorbed, weak acid soluble, reducible, and oxidisable---that could become unstable with changes in soil geochemical conditions.3.Arsenic in the ASGM-impacted soils was mainly associated with strongly adsorbed and reducible fractions, both of which were linked to goethite and HFOs found in the soils.4.Standard leaching tests showed minimal release of Pb and Zn because of their retention via adsorption-coprecipitation with HFOs and sorption reactions with kaolinite and montmorillonite.5.The release of Cu and As from historic ASGM-impacted soils exceeded both Class A and Class C water quality standards, which means that ASGM activities without appropriate waste management plans would have deleterious impacts on the surrounding environment and water bodies.
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[^2]: ∗Note: "--" means "not measured".

[^3]: ∗Note: Operating ASGM site (A-1 and A-2), historic ASGM site (A-3 and A-4) and 'control' sites (A-5 to A-8).

[^4]: ∗Note: Operating ASGM site (A-1 and A-2), historic ASGM site (A-3 and A-4) and 'control' sites (A-5 to A-8).
